Abstract: Sr-modification of A356 alloys has distinct shortages due to the volatilization and oxidation during remelting and pouring, which often reduce the modification efficiency and mechanical properties of the alloys. To avoid the adverse effects and enhance the comprehensive properties, the effects of heavy rare earth element holmium (Ho) modification on the microstructure and properties of the alloy were investigated. Ho addition inhibited the intrinsic orientation growth of (111) Al planes and stimulated the growth of the (200) Al planes for α-Al crystals. The addition of 0.2 wt.% Ho produced the best refinement effect for α-Al grains; 0.3 wt.% of Ho addition yielded the most distinct modification effect for eutectic Si phases, which was further improved by a T6 treatment. The extra addition of 0.4 wt.% Ho resulted in the complete loss of the refinement and modification effects and in the abnormal growth of the α-Al crystals. Ho additions produced Al 3 Ho phases containing Fe elements, which were distributed on the boundaries of the α-Al dendrites. The corrosion-proof performance was enhanced by Ho addition and the T6 treatment; the tensile strength and elongation achieved the highest value upon 0.2 wt.% of Ho addition and the T6 treatment. Moreover, the hardness was also enhanced by Ho additions in both states.
Introduction
A356 aluminum alloy is an important structural material, which is substantially used to fabricate vehicle wheels and in the assembly of cylinders due to its high specific strength, good castability, and lower cost. At present, a duplex treatment of Al-Ti-B refinement and Sr modification is widely applied for A356 melts to improve the microstructure and mechanical properties [1] [2] [3] . However, use of the Sr modifier easily results in volatilization and oxidation during remelting and pouring processes because of its lower melting point and higher chemical activity, which often generate pores and slags in the alloy, reducing the modification efficiency and deteriorating the properties. In contrast, rare earth (RE) elements are special modifiers, which have higher melting points and activity and are not easy to volatilize and oxidize in aluminum melts with a higher purity. The mortification effects of light REs such as La, Ce, Sc and heavy REs such as Er, Gd, Y were investigated for A356 alloys. It was reported that larger than 0.3 wt.% additions of La, Ce or their mixtures produced full modification for eutectic Si; while the strength was not largely improved [4] [5] [6] [7] . Sc addition refined the primary α-Al crystals as the Al 3 Sc precipitations act as heterogeneous nucleation sites; however, it had a much weaker modification effect on eutectic Si phases [8] . Totals of 0.2 to 0.3 wt.% of Er or Gd additions greatly improved the microstructure and mechanical properties through spectrometer (EDS, 7021-H, HORIBA, Kyoto, Japan) was applied to inspect the morphology and composition of phases. An X-ray diffractometer (XRD, D/MAX-2500/PC, PIGAKV, Rigaku, Tokyo, Japan), was used to analyze the phase compositions, using copper Ka radiation, at 40 kV/200 mA and a scanning speed of 1 • /min. An electrochemical workstation (Zennium, Zahner, Germany) was applied to measure the potential polarization curves; the contact area was 10 × 10 mm and the scanning speed was controlled to be 10 mV/s. A material test machine (SHT4605, Kason, Jinan, China) was adopted to examine the strength and elongation against five samples (ϕ10 × 50 mm) for each group at a loading speed of 1.0 mm/min. A hardness tester (HVS-30ZLCD, Shanghai Precision Instrument Co. Ltd., Huayin, China) was used to measure the hardness (HB) against five points for each group; the applied load was 62.5 Kg and a quenched steel ball with a diameter of 5 mm was used.
Results

Microstructure of the Ho-Modified A356 Alloys in as-Cast and T6 States
The microstructure of the as-cast alloys modified with different amounts of Ho is shown in level transfer, image filtering, image splitting, edge strengthening, image binarizing, boundary tailoring, and boundary linearizing were used to obtain clear images suitable to recognize and calculate automatically. A scanning electronic microscope (SEM, S3400-N, Hitachi, Tokyo, Japan) with an energy dispersive spectrometer (EDS, 7021-H, HORIBA, Kyoto, Japan) was applied to inspect the morphology and composition of phases. An X-ray diffractometer (XRD, D/MAX-2500/PC, PIGAKV, Rigaku, Tokyo, Japan), was used to analyze the phase compositions, using copper Ka radiation, at 40 kV/200 mA and a scanning speed of 1°/min. An electrochemical workstation (Zennium, Zahner, Germany) was applied to measure the potential polarization curves; the contact area was 10 × 10 mm and the scanning speed was controlled to be 10 mV/s. A material test machine (SHT4605, Kason, Jinan, China) was adopted to examine the strength and elongation against five samples (φ10 × 50 mm) for each group at a loading speed of 1.0 mm/min. A hardness tester (HVS-30Z\LCD, Shanghai Precision Instrument Co. Ltd., Huayin, China) was used to measure the hardness (HB) against five points for each group; the applied load was 62.5 Kg and a quenched steel ball with a diameter of 5 mm was used.
Results
Microstructure of the Ho-Modified A356 Alloys in as-Cast and T6 States
The microstructure of the as-cast alloys modified with different amounts of Ho is shown in 
Phase Analysis of the Alloys
The Ho-modified alloys are composed of α-Al, Si, and Al3Ho phases, see Figure 4 . The intensity of {111}Al plane was reduced, and the {200}Al plane was enhanced by a Ho addition; indicating that Ho addition inhibits the preferential orientation growth dependent on {111}Al and stimulated the growth dependent on {200}Al. Moreover, the Al3Ho phases separately or discontinuously existed in the α-Al grain boundaries, of which the content and size were increased with an increase of the Ho content, see Figure 5a -c. The morphology of eutectic Si was mostly converted into short rods and particles respectively by 0.2 wt.% and 0.3 wt.% additions. By the T6 treatment, the nodular eutectic Si particles with a size of less than 5 μm were produced; the Al3Ho phases also changed into small bulks and short flakes, see Figure 5d . 
The Ho-modified alloys are composed of α-Al, Si, and Al 3 Ho phases, see Figure 4 . The intensity of {111} Al plane was reduced, and the {200} Al plane was enhanced by a Ho addition; indicating that Ho addition inhibits the preferential orientation growth dependent on {111} Al and stimulated the growth dependent on {200} Al . Moreover, the Al 3 Ho phases separately or discontinuously existed in the α-Al grain boundaries, of which the content and size were increased with an increase of the Ho content, see Figure 5a -c. The morphology of eutectic Si was mostly converted into short rods and particles respectively by 0.2 wt.% and 0.3 wt.% additions. By the T6 treatment, the nodular eutectic Si particles with a size of less than 5 µm were produced; the Al 3 Ho phases also changed into small bulks and short flakes, see Figure 5d . It was found from the EDS data, shown in Figure 6 , that Ho was absence in the α-Al and Si phases in both states; the Al3Ho phases contained Fe atoms, which helps to eliminate the harmful effect of Al3Fe needles. 
Mechanical Properties of the Ho-Modified Alloys
The ultimate tensile strength was enhanced little when adding 0.1-0.2 wt.% Ho, and the elongation was gradually reduced upon increasing Ho addition in the as-cast state, see Figure 7a ,b. By a T6 treatment, the tensile strength and elongation had the highest value of 286 MPa and 8.0% respectively at 0.2 wt.% of Ho addition. Moreover, the hardness was also enhanced by Ho additions It was found from the EDS data, shown in Figure 6 , that Ho was absence in the α-Al and Si phases in both states; the Al 3 Ho phases contained Fe atoms, which helps to eliminate the harmful effect of Al 3 Fe needles. It was found from the EDS data, shown in Figure 6 , that Ho was absence in the α-Al and Si phases in both states; the Al3Ho phases contained Fe atoms, which helps to eliminate the harmful effect of Al3Fe needles. 
The ultimate tensile strength was enhanced little when adding 0.1-0.2 wt.% Ho, and the elongation was gradually reduced upon increasing Ho addition in the as-cast state, see Figure 7a ,b. By a T6 treatment, the tensile strength and elongation had the highest value of 286 MPa and 8.0% respectively at 0.2 wt.% of Ho addition. Moreover, the hardness was also enhanced by Ho additions 
The ultimate tensile strength was enhanced little when adding 0.1-0.2 wt.% Ho, and the elongation was gradually reduced upon increasing Ho addition in the as-cast state, see Figure 7a ,b. By a T6 treatment, the tensile strength and elongation had the highest value of 286 MPa and 8.0% respectively at 0.2 wt.% of Ho addition. Moreover, the hardness was also enhanced by Ho additions in both states; the hardness arrived at 77 HB when adding 0.2 wt.% of Ho and in the T6 state, see Figure 7c . 
Electrochemical Corrosion Properties of the Ho-Modified Alloys
The corrosion potential was enhanced by a 0.2 wt.% of Ho addition and, especially, by the T6 treatment; the polarization potential was increased from -0.89 V to -0.81 V and -0.61 V, respectively, see Figure 8 , which indicates an improvement in the corrosion resistance property of the alloy. 
Discussion
A356 aluminum alloy is a typical hypoeutectic alloy, which is mainly composed of primary α-Al crystals and eutectic Si. By melts modifications with special compounds or elements, the microstructure can be greatly improved. For examples, the TiB 2 , TiC, Al 3 Sc, Al 3 Y, and Al 3 Er compounds serve as heterogeneous nucleation sites to facilitate the nucleation of α-Al crystals [3, 6, 11, 13, 30, 31] ; some active elements adsorbing on the surface of the primary α-Al dendrites advance their flourishing growth due to constitutional supercooling [8, 32] . On the other hand, elements such as Sr, P, Na, and RE adsorb on the surface of the eutectic Si phases to inhibit the orientation growths along {200}, {110}, or {101} planes, resulting in short rods or even small granules [13, 33, 34] . With the refinement of α-Al dendrites and the improvement in morphology of the Si phases, the mechanical properties of alloys can be enhanced.
Effect of Ho Addition on the Crystallization of A356 Alloys
In the present hypoeutectic Al-Si-Mg system; there are clusters of -Al-Al-, -Al-Si-, and -Si-Si-, which increase with a decrease in the melt's temperature. The -Al-Al-clusters directly construct α-Al crystals, and the -Si-Si-clusters develop into eutectic Si phases. With Ho addition, clusters such as -Al-Ho-and -Si-Ho-are formed in melts. The Ho atom has a larger atomic radius and a lower electronegativity than those of Al and Si atoms, as shown in Table 1 , and hardly dissolves in α-Al crystals, see Figure 6 . Formation of the α-Al crystals requires the removal of the Ho atoms to reduce the energy for nucleation and growth. Thus, crystallization of the α-Al grains will be delayed to a lower temperature to overcome the crystallization resistance. At the same time, the discharged Ho atoms enrich the surface of the α-Al crystals to result in a constitutional supercooling, which flourishes dendritic growth of the α-Al crystals. Therefore, the primary α-Al crystals can be refined. In contrast, the formation of the eutectic Si also depends on releasing Ho atoms in Si-Ho clusters. Ho has a solubility of less than 1 at.% in Si crystals [35] . Although, it cannot be identified by EDS, see Figure 6 . However, the small dissolution increases the lattice distortion energy of Si crystals and disturbs their inherent orientation growths. Moreover, adsorption of Ho onto the surface of the Si crystals also poisons the orientation growths. Thus, the short rods and small nodules of eutectic Si can be obtained.
With this deduction, an increasing addition of Ho should further increase the refinement and modification effects; in fact, the opposite is true. This is because Al-Ho clusters can also be transformed into Al 3 Ho phases at a higher temperature (650 • C) [36] than that of primary α-Al crystals (615 • C). Greater Ho addition intensifies the transformation tendency, see Figure 5a -c, due to an increase in the concentration. On the other hand, Ho-Si compounds, present in forms of the Ho 5 Si 3 , Ho 5 Si 4 , HoSi, and Ho 4 Si 5 , with a higher Ho/Si ratio [35] cannot be constructed in the present melts with much lower Ho concentrations. Therefore, an increase in Ho addition can influence the orientation growth of Si phases by its dissolution and adsorption, resulting in a further modification effect (at 0.3 wt.%). Extra addition of Ho causes the Al 3 Ho phases to produce more readily (0.4 wt.% or above); thus, the modification effect cannot be further maintained.
Effect of Heat Treatment on the Morphology of Eutectic Si in Ho-Modified A356 Alloys
The Ho atoms enriched on the surface of the eutectic Si increase the interfacial energy with the α-Al crystals, which results in a spheroidization of the Si rods and nodules due to the Ostwald ripening mechanism [37] . This phenomenon always appeared in the RE-modified Al-Si alloys [5] [6] [7] 9, 10, 15] . Moreover, Ho-dissolved Si crystals become unstable when subjected to soaking at high temperatures; the Ho atoms must be removed from the phases to reduce its solubility and the lattice distortion energy. This creates the opportunity for the needles and plates of Si phases to be broken up into short rods and small nodules at the weakly-connected parts where the Ho atoms escaped.
Effect of Ho Addition on Mechanical and Electrochemical Properties of the Alloys
The mechanical properties are greatly influenced by the size, morphology, and distribution of α-Al crystals, eutectic Si, and the Al 3 Ho phases. In the as-cast state, the brittle eutectic Si phases presented in the form of coarse needles and plates in the Ho-free alloy, see Figure 1a , which strongly damaged the mechanical properties and cannot be largely improved by a heat treatment, see Figure 2a .
Ho addition refined the α-Al crystals and greatly changed the morphology of the Si phases, see Figure 1b -d; however, the sharp-angled and hard Al 3 Ho phases existed in the boundary of α-Al grains, see Figure 5a -c, which also have a negative effect on the mechanical properties. Therefore, the tensile strength was increased little in the case of 0.1 to 0.2 wt.% Ho additions, and the elongation was found to decrease with increasing Ho additions, see Figure 7 .
A T6 treatment changed the short rods of eutectic Si phases into fine particles, which were uniformly distributed in the α-Al matrix, as shown in Figure 5d ,e. Moreover, the hard Al 3 Ho phases, which have less influence on strength and elongation, were adjusted into smooth and smaller nodules and separately distributed in the matrix. A 0.2 wt.% Ho addition yielded a compromised effect on the microstructure and mechanical properties. Although the 0.3 wt.% Ho addition also had a better modification effect on the eutectic Si, the hard Al 3 Ho phases increased and presented the coarse sticks, which strongly deteriorated the mechanical properties. Moreover, increases in hardness are due to the hard Al 3 Ho phases and their dispersive distribution in the matrix by the heat treatment.
Ho addition and the T6 treatment also improved the corrosion-proof property. This is because the Al 3 Ho phase has a higher electrode potential than that of the Al matrix, which is located in the interface between α-Al and Si to improve the corrosion-proof ability of the boundaries [19] . On the other hand, the Fe atoms dissolved in Al 3 Ho compounds, see Figure 6 . Therefore, their harmful effect was reduced or eliminated. Moreover, Ho additions also purified aluminum melts by removing the inclusions and gasses [29] . Lastly, the microstructure was further stabilized by the heat treatment due to the elimination of inner-stress and the homogenization of the microstructure.
Comparison of Modification Effects of the Ho and the La and Ce
Ho addition had a stronger modification effect and a higher modification efficiency in comparison with the light REs of La and Ce [4] [5] [6] [7] ; the suitable addition is lower (0.2-0.3 wt.% Ho) for modification of the Si morphology, see Figure 3 .
The bonds of Ho with Al and Si in the clusters are stronger than that of the La and Ce because Ho has a smaller atomic radius and a larger electronegativity; therefore, a stronger nucleation energy is required to release the Ho atoms in the chains. Thus, nucleation of the primary α-Al crystals had to occur at a lower temperature, resulting in a stronger refinement effect. Moreover, the diffusive migration of the Ho atom is more difficult in melts because it has a much larger weight than that of the La and Ce atoms, which results in slower growths of α-Al dendrites or the Si crystals. Therefore, the Ho has a stronger modification effect and higher modification efficiency than the La and Ce do.
Conclusions
The Ho-modified A356 alloys are composed of the α-Al, Si, and Al 3 Ho phases; Ho atoms hardly dissolve in α-Al and Si crystals.
Ho addition changed preferential orientation growths of the α-Al crystals by inhibiting the preferential growth of (111) Al and stimulating the growth of (200) Al planes.
The addition of 0.2 wt.% Ho produced the best refinement effect for α-Al crystals; 0.3 wt.% of Ho yielded a distinct modification effect for eutectic Si phases, which was further improved by a T6 treatment.
Extra addition of 0.4 wt.% Ho resulted in the complete loss of the refinement and modification effects and resulted in the abnormal growth of the α-Al crystals.
Al 3 Ho phases located between α-Al grains and present in the form of flakes, bulks, and nets with an increase of Ho addition. A T6 treatment made them change into small nodules and rods.
Fe atoms were incorporated in Al 3 Ho phases during solidification, which eliminated the harmful effect of Al 3 Fe needles.
An addition of 0.2 wt.% of Ho and the T6 treatment made the tensile strength and elongation arrive at the highest value.
The hardness was enhanced by Ho additions in as-cast and T6 states because of the formation of hard Al 3 Ho phases.
The corrosion-proof performance was enhanced by Ho addition and the T6 treatment due to increases of the corrosion potential. 
